T he efficacy of cyclosporin A (CsA) in reducing the relapse rate of patients with steroid-dependent nephrotic syndrome (SDNS) and inducing remissions in a substantial number of patients with nongenetic forms of steroid-resistant nephrotic syndrome is well established (1) (2) (3) (4) . CsA has immunosuppressive effects that decrease disease activity and acts directly on podocytes to stabilize their cytoskeleton (5, 6) .
As new treatments for SDNS become available, indications for CsA therapy need to be balanced against its adverse effects. Among these, chronic CsA nephrotoxicity (CsAN) is one of the most concerning. CsA causes vasoconstriction of afferent arterioles that is mediated by various mechanisms, including direct stimulation of smooth muscles cells, endothelial activation, and upregulation of local vasoconstrictive mediators (4) .
There are no reliable clinical and biologic markers for CsAN, and performing renal biopsies is the only approach to detect early signs of ischemic renal damage caused by CsA. No consensus exists on the indication of performing protocol biopsies in patients who have SDNS and are treated with CsA. Since 1990, we have performed systematic biopsies in all patients who are treated with prolonged cycles of CsA. In this work, we retrospectively analyzed these biopsies to assess the prevalence of CsAN lesions, the risk factors for the development of CsAN, and the clinical benefits of performing systematic biopsies in patients who have SDNS and are treated with CsA.
Materials and Methods

Patients
Medical records and renal pathology of 53 patients who were treated in our division with CsA for SDNS since 1990 and underwent biopsy to monitor CsAN were retrospectively evaluated. Their clinical characteristics are summarized in Table 1 . At the time when CsA was started, all patients met the criteria for SDNS (3) . CsA treatment was continued without intermission until biopsy in most patients ( Figure 1 ). In five children, CsA therapy was stopped, but treatment was restarted within 12 to 18 mo as a result of rapid relapses of NS ( Figure 1) .
We do not routinely perform a renal biopsy before starting CsA for SDNS. Since 2005, we have been performing a first biopsy after 3 yr of treatment and every 2 yr thereafter. Before then, we had a similar policy but with less defined rules ( Figure 1 ). Biopsies were performed only in patients who had a clinical indication to continue CsA for at least 1 yr.
Altogether, 71 biopsies were performed. Forty patients underwent a single renal biopsy after 3.9 Ϯ 1.7 yr of CsA treatment. Two and three biopsies were performed in eight and five patients, respectively (Table 1, Figure 1 ).
The medical records were reviewed to calculate the mean value of relevant data in the 2 yr before biopsies (Tables 1 and 2 ). In five cases, CsA was discontinued for a variable length of time during the 2 yr before the biopsy. In these cases, data collection was limited to the months of CsA therapy within the 2-yr period before the biopsy. Weight and height were expressed as SD score (SDS) using the TannerWhitehouse reference charts (7), bone mineral density was expressed as z score using locally defined normal values, and BP measurements were expressed as SDS (8) .
CsA was administered in two separate oral doses. Blood levels were obtained 2 h after the morning dose (C2 levels). The initial target dosage was 400 to 450 ng/ml and was thereafter adapted according to the clinical evolution. Most patients were followed at our center and underwent monthly blood tests during the first year of treatment and, when stable, every 2 mo thereafter. a When data refer to individual patients the total number is 53, and when data refer to the 2 yr before each biopsy, the total number is 71. CsA, cyclosporin A; BMD, bone mineral density; DBP, diastolic BP; FGGS, focal global glomerular sclerosis; FSGS, focal segmental glomerular sclerosis; MCD, minimal-change disease; NS, nephrotic syndrome; SBP, systolic BP; SDS, SD score.
The mean prednisone dosage during the 2 yr before biopsy was computed and expressed as mg/m 2 . Prescription of antihypertensive drugs, mainly calcium channel blockers (CCBs), angiotensin-converting enzyme inhibitors (ACEIs), or angiotensin receptor blockers (ARBs), was recorded when the drug was taken for Ͼ6 mo before biopsy (Table 1) . Relapses were defined as proteinuria Ͼ3ϩ by dipstick for 3 consecutive days. The GFR was estimated using the Schwartz formula (9).
Renal Pathology
Renal biopsies were analyzed after standard hematoxylin-eosin, periodic acid-Schiff, and Masson trichrome staining. Immunofluorescence was performed for IgG, IgA, IgM, fibrinogen, C3, and C1q. All specimens were reviewed by one pathologist.
CsAN was defined as the presence of tubulointerstitial lesions and/or CsA-associated arteriolopathy. CsA-associated tubular atrophy with interstitial fibrosis were classified as mild, moderate, or severe when they involved Ͻ7, 7 to 30, or Ͼ30% of the renal parenchyma, respectively (10). CsA-associated arteriolar hyalinosis was similarly defined as mild, moderate, or severe according to Mihatsch and colleagues (10, 11) . Briefly, mild lesions are characterized by focal hyaline depositions in one arteriole without circumferential and transmural involvement, moderate lesions are similar but involve more than one arteriole, whereas severe lesions are characterized by circumferential deposits that extend across the entire arterial wall, independent from the number of involved vessels.
For subsequent analysis, CsAN lesions were defined as "limited" when they involved only tubular or vascular lesions and "overt" when vascular and tubular lesions coexisted in the same biopsy. The grading of overt lesions corresponded to the highest grading of the vascular and tubular scores.
Statistical Analysis
Statistical analysis was performed with SPSS 11.0 software (SPSS Inc., Chicago, IL). Logistic regression was used to analyze risk factors for CsAN. The analysis was first conducted in univariate mode. Multivariate analysis was performed using independent variables that reached a statistical significance with P Ͻ 0.1 at the univariate level. Continuous data that passed normality tests are expressed as mean Ϯ SD. Data are otherwise expressed as median and range. When indicated, normal data were compared with t test, and data that were not normally distributed were compared using the Mann-Whitney U test. Categorical data are expressed in percentage. All P values are two-sided and considered significant for values Ͻ0.05.
Results
CsA and BP Treatments
The mean CsA C2 levels were 454 Ϯ 122 ng/ml. Under CsA, the number of relapses per year decreased from 2.0 Ϯ 1.1 (range 1.0 to 6.0) to 0.5 Ϯ 0.5 (range 0.0 to 3.0; P Ͻ 0.0001). Likewise, the median steroid dosage decreased from 11.6 (range 6. No patient had a GFR Ͻ90 ml/min per 1.73 m 2 . As reported in Table 2 , GFR decreased by approximately 10% after CsA was initiated and remained stable thereafter. Twenty-two patients (25 biopsies) received BP medications (Table 1 
Renal Pathology
Renal pathology results are reported in Table 1 . As indicated, 41% of samples corresponded to minimal-change disease (MCD). The remaining biopsies were equally distributed among focal segmental glomerular sclerosis (FSGS), focal global glomerular sclerosis (FGGS), and mesangial proliferation. Immunofluorescence studies were negative in 57 biopsies. Mesangial IgM deposits (1ϩ to 2ϩ) were observed in five biopsies with mesangial proliferation, two biopsies with MCD, and one biopsy with FGGS. Mesangial C3 deposits (1ϩ to 2ϩ) were observed in seven biopsies, and mesangial IgA deposits (2ϩ) were found in two biopsies.
CsAN was observed in 22 (31%) of 71 specimens obtained from 22 patients. The underlying renal lesions corresponded to MCD in five cases, mesangial proliferation in five cases, FSGS in five cases, and FGGS in seven cases.
The extent of CsAN lesions was mild in the majority of specimens (17 of 22) and moderate in the remaining. Toxicity lesions were limited to vascular or tubular structures in 50% of samples (limited toxicity) and involved both type of structures in 50% of samples (overt toxicity; Table 3 ).
Risk Factors for CsA Toxicity
The risk for developing CsA-related lesions was analyzed by logistic regression (Table 4) . By univariate analysis, the use of ACEIs or ARBs was associated with a significant risk for developing CsAN. This result was confirmed at the multivariate level. At the univariate level, MCD was protective against the development of CsAN, whereas high CsA C2 levels were marginally associated with an increased risk for combined vascular and tubulointerstitial lesions. These results were not statistically significant when adjusted for the use of ACEIs or ARBs.
The impact of ACEI/ARB treatment is best illustrated in Figure 2A . As shown, the majority of patients who were not receiving BP medications had no CsAN lesion as opposed to six of 11 patients who had overt lesions of CsA toxicity and were treated with ACEIs or ARBs.
Patients with CsAN tended to have higher C2 levels. This was further tested by analyzing biopsy results using various cutoffs for CsA C2 levels. Results were adjusted for the use of ACEIs or ARBs and are reported in Figure 2B . As shown, odds ratios for developing CsA-related vascular and tubulointerstitial lesions increased progressively from 2.5 to 6.5 as the cutoff for CsA C2 levels was increased from 460 to 600 ng/ml. Results became significant for levels Ͼ600 ng/ml.
Biologic Markers of CsAN
To identify potential biologic markers of CsAN, we also performed the same logistic regression analysis using all variables reported in Table 2 (full results not shown). A significant association was found only between the development of CsA lesions and serum uric acid levels as indicated in Table 4 . Serum uric acid levels were 5.6 Ϯ 1.3 mg/dl in samples with CsAN lesions and 4.9 Ϯ 1.3 mg/dl in the absence of CsAN (P ϭ 0.03). When the analysis was restricted to samples with overt CsAN, mean uric acid levels were 6.4 Ϯ 1.2 mg/dl (P ϭ 0.004).
Treatment Changes in Patients with CsAN
CsA was stopped within 6 mo in 15 cases, within 1 yr in four cases, and within 18 mo in the remaining three cases (Figure 1) . In most cases, children were treated with alternate-day steroids at higher dosages or, in recent years, with mycophenolate mofetil.
Discussion
CsA efficacy in reducing the number of relapses in patients with SDNS is well established (1,2) . Nonetheless, treatment with CsA can have significant adverse effects. Of these, CsAN is a major concern, particularly when patients have a significant probability of total recovery. CsAN is primarily caused by chronic ischemic insult to the kidney, resulting in arteriolar hyalination and tubulointerstitial changes, including striped interstitial fibrosis, tubular vacuolization, and atrophy (11) . Because these lesions may be difficult to distinguish from the underlying renal disease, criteria have been developed to stage CsA-induced renal lesions (11, 12) ; however, even when using these criteria, the diagnosis of CsAN may be uncertain. Progressive interstitial fibrosis can develop with time in patients who have NS and are not treated with CsA, although less frequently and to a lesser extent (4, 13, 14) . Conversely, arteriolar lesions are generally regarded as more reliable indicators of CsA toxicity, particularly when moderate or severe (4, 11) .
In our study, no severe CsAN lesions were observed, and moderate signs of toxicity were found only in five of 22 positive biopsies. Numerous studies have documented the prevalence of CsAN in patients who were treated for idiopathic nephrotic syndrome. Since 1986, Ͼ200 follow-up biopsies in patients who were treated with CsA for SDNS have been reported in the literature (1, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . These studies are difficult to compare because they vary in the number of biopsies, underlying renal pathology, duration of follow-up, dosages of CsA, and criteria to define CsAN. Overall, the prevalence of CsAN varies between 15 and 60% after 2 to 5 yr of CsA treatment. Lesions are mild in most cases.
Our data constitute one of the largest series of follow-up biopsies in patients who had SDNS and were treated with CsA for a prolonged period. Unlike previous studies, which did not identify biologic markers of CsAN, we observed higher uric acid levels in patients with toxic lesions. CsA is known to cause hyperuricemia in children with renal transplantation by limiting their renal tubular excretion of uric acid (28) . In children who have received a liver transplant, this effect has been shown to be more frequent with CsA-than FK506-based immunosuppression regimens (29) . Conversely, hyperuricemia can be associated with hypertension, chronic tubulointerstitial renal lesions, afferent arteriolopathy, and increased renal vascular resistance, raising the hypothesis that hyperuricemia is a cofactor in salt-sensitive hypertension and may exacerbate CsAinduced nephropathy (30) . It is currently debated whether uric acid is a marker or a culprit in the development of renal lesions. Experimental data obtained in rat models of CsAN have confirmed that CsA increases serum uric acid levels but have also shown that increasing serum uric acid exacerbates CsA-induced nephropathy (31).
From a clinical standpoint, the significant overlap of serum uric acid levels between patients with and without CsAN limits its usefulness as a biologic marker for CsAN. Nevertheless, our results indicate that it is prudent to monitor the development of hyperuricemia in patients who receive CsA for SDNS.
Various clinical and pathology risk factors for the development of CsAN have been inconsistently reported in the literature (12, 14, 17, 18, 27) . These include steroid resistance, low GFR, high proteinuria, FSGS lesions, high relapse rate, prolonged CsA treatment, and CsA serum levels. Some of these factors clearly do not apply to our population, and our analysis may carry an increased risk for type 1 errors related to the sample size. The vast majority of our patients experienced very few and short relapses under CsA treatment. A link between CsAN and the number of relapses or the duration of proteinuria was therefore unlikely. Likewise, it is generally accepted that longer treatments with CsA increase the risk for nephrotoxicity (4, 12, 16 ). This was not observed in our cohort. The timing of most follow-up biopsies, however, was clustered around 3 to 5 yr (Figure 1 ), which decreased considerably the power of the analysis. Conclusions of this study should therefore not be extended to treatments that exceed 5 yr. A similar consideration probably applies to discrepancies between studies that have attempted to correlate renal toxicity and CsA levels, because these have generally been kept within a relatively narrow interval. CsA C2 levels Ͼ700 ng/ml were reported by Nakamura et al. (17) to be associated with a higher risk for CsAN in a cohort that included 18 children with idiopathic nephrotic syndrome but also five children with lupus nephritis. Our analysis indicates that a positive association probably exists also for lower CsA C2 levels. On the basis of these results, it seems prudent to avoid C2 levels that are Ͼ550 ng/ml.
The most concerning finding of this study was the strong association between CsAN and the use of ACEIs or ARBs. These drugs are increasingly used for their renoprotective effects in proteinuric renal diseases but reduce the glomerular perfusion pressure (32) . Cumulative vascular effects of renal angiotensin II inhibition and CsA may therefore exacerbate renal hypoperfusion. Recent clinical studies in elderly patients with atherosclerotic vascular disease suggested, in fact, that excessive angiotensin II inhibition in kidneys that are vascularly compromised may have detrimental effects (33) . Conversely, experimental models of CsA-induced interstitial fibrosis have shown that CsA renal toxic effects are mediated in part by angiotensin II and that, despite more pronounced renal hypoperfusion, the addition of an ACEI to CsA limits tubulointerstitial changes (34, 35) .
Alternatively, the association between ACEIs/ARBs and CsAN may be indirect if patients with CsA-induced vascular toxicity develop more hypertension. In this hypothesis, a similar association with the use of other antihypertensive drugs, such as CCBs, would be expected. Although our analysis did not reveal a significant association, five of 12 biopsies that were performed in patients who were receiving CCBs before the biopsy showed signs of CsAN, as opposed to nine of 49 biopsies that were performed in patients with normotension ( Figure  2 ). In addition, two patients who had overt CsA nephrotoxicity and were receiving ACEIs or ARBs were also treated with a CCB. In this respect, the number of observations is probably too small to draw definitive conclusions.
Conclusions
As new treatments such as mycophenolate mofetil and rituximab become available (2, 36, 37) , indications for follow-up renal biopsies aimed at detecting early signs of CsAN are rapidly decreasing. Nonetheless, our data suggest that if patients' disease is well controlled with low dosages of CsA and if they do not develop hypertension, then a renal biopsy can probably be postponed to after 4 to 5 yr of treatment. If, however, patients develop hypertension, require high dosages of CsA, or develop significant hyperuricemia, then a renal biopsy should be performed sooner. Prospective studies are required to evaluate the best antihypertensive medication that should be used in conjunction with CsA.
